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LDSSES IN AUDID-FREQUENCY CDILS 


• IN 0ESI6NIN6 eleilriral eoni- 
iiiuniration (M|iii|>iiieiit. it ih friMiiiently 
nc<?e88ary lo select low-loss in<liictan<‘e 
<*oils for use in timed circuits and filters. 
ICx|»erimental data accuniiiluted over a 
period of several years at the (General 
Radio Company have shown lhat a set 
of formulae derived by means of ap¬ 
proximations of limited validity hold 
very well in practii*e. These expressions 
are so simple that they have hern of 
considerable assistance in selecting the 
best ty|ie of coil for a particular use, 
and they are presented here lK*caii8e of 
their wide application. 

The discussion will he limited to 
measurements in the freipiency range 



Kku’RE I. K(|iiivalent rircnil «f a low- 
fn*<|uenfv coil 


between 10 and lOOdXX) cycles |K'r sec¬ 
ond and to frequencies fur removed 
from resonance. For iron-core coils it 
will be assumed that the voltages are 
very low in order that hysteresis may 
Im* neglected in comparison to eddy- 
ciirrent loss. Most of the measure¬ 
ments have been made on iron-core 
coils (with and without air gap) and 
multi-layer audio-frequency coils of 
the type usually met in filter practice. 

With these restrictions it has been 
foiiml that all coils may be represented 
by the equivalent circuit shown in Fig¬ 
ure I where is the d-c resistance and 

is a resistance due to eddy-currents 
ami is indcpptulont of Jreiiupncy. 

This is based on the following con- 
siilerations: A conductor placed in the 
magnetic hehl of a coil may l>e consid¬ 
ered a terminated secondary winding. 
.4s long as the circulating currents are 
mainly determined by the resistance of 
the path rather than by its inductance 
the termination impedance is resistive, 
and the secondary circuit will reflect a 
resistance in parallel with the primary 
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winflin^. In partinilar, llie rircnlatorv 
<*iirrenls may exist in an iron core ami 
may inclmlo imluccMi currents set nj> in 
tlie wire itself, usually spoken of as skin 
effect. 

In many applitations the reactance 
to resistance ratio, known as "()**• 
serves as a convenient factor iff merit. 
I’Vom the simplicity of the equivalent 
(‘ircnit shown in Fi^ire I. it mi^hl be 
expecteil that the curve of () versus 
frequency for any coil woiihl be given 
by a fairly simple expression. 'Fhe ap¬ 
plication of oniinarv circuit theory to 
Figure I gives the approximate results: 
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/„, is the frequency of maximum Q. 
At any other frequency. /, the corre- 
S{)oniling value of (J (ilenoteil by Qj) is 
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ft will be notiiTcl that this expression 

is symmetrical with respect to^aml ^J 

and will give a curve shape which is 
invariant on logarithmic paper. 

To talmlate available Q data it is 
sufficient to plot the point of maximum 
Q and use a standard tenifdate for 
drawing the curve ( this template may 
be obtained fiy replotting a curve of 


2 


Figure 2 on standard logarithmic 
paper). 

In iron-core coils, the eddy-current 
losses in the copper are usually neg- 
ligildc in comparis<»n to those in the 
core so that, for a given core and vol¬ 
ume of copper, wire size has little in¬ 
fluence on Q. One interesting point ti» 
be noted for iron-core coils is that the 
maximum Q for a given structure but 
with various air gaps is very nearly 
constant. This can be explained by the 
fact that the core may be regarded as a 
single turn secondary of <*onstant ter- 
minatiim. 'Fins reflects a given shunt 
resistance across the winding regard¬ 
less of its inductance. Since the copper 
resistance is constant, it follows that 
the ratio of shunt eddy-current to series 
copper resistance must be constant 
and hence from expression (2) (J,„ must 
stay the same. F^xpcrimental results 
check fairly^ closely with the relation¬ 
ship given by (3) which shows that the 
frequency of maximum Q varies in¬ 
versely with the inductance as the air 
gap is v arie<l. 

Figure 2 shows the characteristics of 
an audio transformer core as the air gap 
in the magnetic circuit is varied. It will 
be noticed that the maxima are |)racti- 
cally independent of the magnitude of 
the gap. With no gap, the maximum (J 
is about .50 and occurs at a frequency of 
00 cycles. W ith a 0.125-inch air gap the 
maximum (J is 1.5. With a gap of 0.05 
inches the maximum Q stays about the 
same, at 12, even though the gap cor- 
res|M)nds to a total removal of the cen¬ 
ter leg. 

Figure 3 shows the frequency at 
vihich Q is a maximum for the .same 
core as a function of the inductance in 
accordance with equation (3). 

Figure 1 gives the loci of points of 
maximum Q for several types of coils. 
Curve B corresponds to the data of 
Figure 2 and Curve A shows the char- 
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aclerislics of another type of iron core. 

Curve C gives the lorns of points 
for a set of multi-layer air-eore eoils of 
given ineehanii'al form i)iit varying 
uire size. It will Im* notieed that the 
larger wire sizes have lower maxima as 
might he expeeted from the larger di¬ 
mensions of the individual eddy- 
eiirrent eireiiits. d'he straight line 
drawn through the three experimental 
points was drawn in a<‘eordanee with 
equation (1), with a unit slojie eorre- 
sponding to what would he expected of 
the variation of with the fretpiency 
at which the maximnm o<*curs when 

the ratio of ~is held constant, as it is 

with a given geometry and weight of 
copper. 

dests made on high-freipieney dust 
cores show that at audio freipiencies 
the effective series resistance of a coil 
is virtually unchanged as the core is 
brought into the fiehl. hut the induc¬ 
tance is increased, and Q increases di- 
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i’icl'RK 3. FVeqiicncy of maxiiniitii Q of llie 
iron-cor#* coil i>f Fijriirc 2 as a function of incluc- 
lance. 'I'lic inductunce variation is obtained 
by varying air gap. 'Phe curve is drawn 
as a straigbl line of slope (—1) in accordance 
with cipiution (3) 

rectly as the inductance, d’he particu¬ 
lar case is more complicated than the 
[irevious ones hecause essentially the 
coil may he thought of as consisting of 
two |)arts, first an air-core coil of the 
type previously considered and, sec- 



FREQUE-NCY IN CYCLES PER SECOND 


Fna RK 2. Frequency cbaraclerislie of Q for an Iron- 
core coil wilb various air gu[>s. Tbe curves are drawn 
with a template made in accordance with the equation 
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Fu;! KK 4. l^M'i Ilf tiiaximiiiii (J |ioiiitH for varioiiH roil typrH 
(!ur\r A i8 for a lar^c traurtfornirr willi O.IM)7-iiirli tsiliron-iitfrl laminatioiiH. (liirvi* B in for 
the coil of Figure 2, which is an aiiilio traiit^fornier with 0.018-inch Hilicon-nteel laminations. In 
IkiiIi ctirven. the niirnliers r«*fcr to air-gap iliitlance in thoiisunilths of an inch 

fliirve C in for a group of multi-layer air-core coils with the name cronn ne<‘tion but using 
iliflfcrent wire niates 

onil, a lohs-frei; indiictanre. An the 
amount of iron in tlie iieltl in varied, 
ntirli a Htriietiire will have a vertieal 
loeiin, that in, the maxiniiiiii will 
vary, hut the fretjuency at whieh it 
cK'etirH will he unchanged. 

One application r»f thene idea.^ ahoiit 
Q may Ik* noted. In constant-K low- 
pann filtern it in fre<piently denirahle to 
keep the attenuation within the trans¬ 
mit te<l hand very nearly constant. It is 
often ntated that, in order to achieve 
thin, (J should he very high. Actually 
the change of attenuation is due almost 
entirely to I he shunt componeiil (»f the 
loss. 'Fo assure constant transmission, a 
coil should he o{>erated at fretpiencies 
well Ih'Iow that which makes Q a max¬ 
imum; in this region the efTective 
series resistance is constant, and the 
loss, w Inch is almost entirely governefi 
by this efTective scries resistance, is 
also constant. 
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Another application is in oscillator 
coil design. To assure constant output 
as a tuning condenser is varied, the 
equixalent parallel resistance should be 
constant, because this resistance is 
etpial to the anti-resonant iinpetlance 
of the coil and represents the loading 
on the tube. C.onstant parallel resist¬ 
ance is achieved when the coil is op¬ 
erated at fre<piencies well above the 
fretpienry of maximum Q siu«‘e in this 
range the effect of series resistance is 
negligible and the remainder must 
clearly be constant. 

'File value t)f this analysis, after a few 
measurements have been made on a 
sample coil, lies largely in the view¬ 
point which it gives the engineer, ena¬ 
bling him to make more intelligent esti¬ 
mates of coil behavior without actually 
calculating the constants of successive 
models. — L. H. Argl imbai 































































LOW-TEMPERATURE-COEFFICIENT QUARTZ 

PLATES 



• THE WIDE USE of piezo-electric 
quartz plates as standanls for fre¬ 
quency iiieasuremenl and monitoring 
has stimulated research directed to¬ 
ward more stable piezo-electric ele¬ 
ments and circuits. For the past few 
years considerable work has been done 
on reducing the temperature ccwflicieiit 
of frequency, which is the largest single 
source of frequency variation. An in¬ 
vestigation of this field, together w ith a 
study of general methods of cutting 
and grinding quartz, has been carried 
out by tbc General Radio Company 
over a [)eriod of more than a year. 
Studies have been made not only on the 
thin plates used in monitoring, but 
also on the quartz bars used in primary 
standards. 

This work has produced a plate 
which not only has a low tem|)erature 
coefficient but is more active piezo- 
electrically and is free from both spuri¬ 
ous frequencies and abrupt jumps in 
frequency when the tem)>eraturc is 
varied. 



Fici re I (alH»vc). Kxtrmal virw of holder 
iitied for Type 376-1. <,>iiarl/ IMales 


Figure 2 (below). Type 376-L (^hiariz Plate 
with cover removeil. The retaining ring U so 
sha[>ed that little random motion of the plate 
is possible. The heavy aluminum cover with 
its threaded plug provides stability of air-gap 
adjustment and uniform heat distribution 
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While ihe leiii|H*ralure coeflirieiil is. 
in general, very Icik — less than one 
part ])cr million per degree C. — it is 
evi<lent that zero teni|K>raliire e«)ef!i- 
eieiit eaiinot always he obtained in a 
desire<l teni|K*ratiire range. If a zero 
eoelTieient is reaehed, il is only for a 
single temperature. 

The tem|K‘ratiire-freqiieney 4*harac- 
leristi(*s of these plates are shown in 
f igure 3, in whieh the iipfter curves 
show' the actual variation in freipiency 
with teni|M‘rature, while the lc»wer 
curves show the teni|HTature C4>enieient 
(measureil at 5-degree intervals) in 
parts |K*r million per degree (^entigraile. 

A method of mounting has also been 
develo|K*d which restricts random mo¬ 
tion of the tTvstal in the holder w ithout 
materially ufTccling its freedom to vi¬ 
brate. In the top of the holder is a fine- 



(A) (m kc 


threaded plug, the bottom of whieh 
serves as the upper electrode. 'I'lw 
tpiartz plate ami the retaining ring rest 
on the lower electrode whit'll is in the 
form of a plate secured to the isolantite 
base. 

I'ypE .57h-L (Quartz Plates now re¬ 
place the Fypk 376-J and 'Fype 37h-K 
Oiiartz Plates formerly use<l in moni¬ 
toring instruments. Pach 'Fype 37()-I. 
(,)uartz Plate is adjusteil at its normal 
operating temperature until its fre- 
cjueiu'y ilifTers from that siiecified in 
the onler by less than one cycle |R‘r sec¬ 
ond or 0.0001% (1 part in 10**) which¬ 
ever is the larger. When use<l in Gen¬ 
eral Radio 'Fype 175-\ Frequeno 
Monitor or 'Fvpe 675-11 Piezo-Flectric 
Oscillator, the fretpiency is guaranteed 
to 0.002% (20 parts in 10**) for a period 
of one year, provided the plate is o|ier- 
ate<l under the conditions specilieii in 
the certificate of calibration. The tem¬ 
perature coefTic'ient of frecpiency is 
guaranteed to he less than 3 parts jier 
million iK*r ilegree Centigrade between 
20° and 70° C. 

Fiocke 3. (liirvoH sliowiiig the vuriulion of 
lM>tti frci|iieiiev und tomperatiire coenieieiit 
t»f fretjueney as the lemfieruliire is varie<I f»»r 
three |)lat<*s in the staiidanl broadcast hand. 
The upper curvi»s slum the change of fre- 
(pieiiey in cycles per si'coiul; the lower curves, 
the temperature coenieieiit in parts per 
million |M*r degree (ientigrade 
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Fu;i hk 4. <)n«* of the 
grindini: o|M*rutionH in 
the |»ri»(liirtioii of (ien- 
rral Kadio qiiartr. 
platfi*. 'I'lir fdpe of llie 
plate ia lirld againat a 
nitaling tliak, and the 
ealihrated head showa 
the anioiint ground 
from the edge 


Altlioiigli Gen¬ 
eral Katiio fre- 
({tieney monitors 
are provided with 
a preeise tem|M*ra- 
tiire-eonlrol sys¬ 
tem. adetpiate to 
maintain the 
a hove-men tinned 
aeeiiracy withohler 
types of plates, the 
use of the new low-tem|>eratiire-eo- 
eflieient plates provides a l>etter margin 
of safety. In addition, if, for any rea¬ 
son, tetii|>orary failure of the tem|H‘ra- 
tiire control oeeiirs, the freipieney error 
is greatly reduced. The price of Typk 
376-L Quartz Plate is $85.00, hut for 
those users of (»encral Katlio frefjuency 
monitors who wish to replace their 
present crystals with the new ty[)e, a 
liberal credit allowance for the re¬ 
turned holder will be made as ex¬ 
plained Iielow'. 

'Fype 376-L Quartz Plates have been 
approve*! I>y the Federal C>)mmuni<*a- 


tions Commission for use in (General 
Kadio frequency tmmitors. 

Studies on low-frecpien**) cpiartz bars 
have reduced the temperature coefTi- 
cients of Type 676-A Quartz Bars, used 
in the Class (J-21-II Standard-Fre- 
(|uency Assemblies ami in Class C-10 
Se<*ondary Frequency Standanis to be¬ 
tween one and two parts |M*r million per 
degree C. In <piartz bars, the temj>era- 
ture coefficients are pra(*ti(’ally con¬ 
stant over the range of tem|>erature8 of 
test, in contrast to the <piartz plates in 
which variations in the temperature 
coefficients are observable. 

— J. K. Clapp 


Onrral Kudin (|iiArt« plalM are liccnard under all ftalrnla and patent appiicalinua of Dr. (>. W. Pierce fierlaining to piesu- • 
eleetrir crvalal* and lhair aMorialed circuits. 


REPLACEMENT QUARTZ PLATES FOR 
FREQUENCY MONITORS 


• WHEN a Type 376-J or Type 
376-K Quartz Plate is returneil to be 
replaced by a Tyt>e 376-L Quartz 


Plate, the new plate w ill l»e mounted in 
the returned holder, regardless of 
w hether or not this holder is of the type 
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shown on page 5. Under these con¬ 
ditions a credit of $20.00 will be al¬ 
lowed for the returned holder, making 
the price of the replacement plate 
$6S.OO. Those who wish to make the 
exchange should write directly to the 
Service Department for sliipping in¬ 


structions in order that each exchange 
may he handled as promptly as jkas- 
sible. Under no conditions should 
plates be returnetl without first com¬ 
municating with our Service Depart¬ 
ment. 


MISCELLANY 


• AMONG THE RECENT dis- 

linguished visitors to our laboratories 
and factory were Ilis Excellency, Pro¬ 
fessor Ing. Cviancarlo Yallauri and his 
Assistant, Professor Gori. 

Professor Yallauri is Yice-President 
of the Accademia dTtalia, President of 
the Sociela’ Fdroelettrica Piemontese, 
President of the Ente Italiano Aud- 
izioni Kadiofoniche, President of the 
Elettrica Piemonte Centrale, Dean of 
the Politecnico of Turin, Italy, and one 
of the leading scientists invited to par¬ 
ticipate at the Tercentenary ('.elebra- 
tion at Harvard Universitv. 


• AN INDEX has been compiled 
for the (Fcneral Radio Kxperimenter 
covering the jieriod from June, 1931. to 
May, 1935, inclusive. This is printed in 
two parts, one for Yolumcs VI and YII 
(1931-1933) and the other for Yolumes 
V III and 1\ (1933-1935). Copies will 
be furnishe<l to all who request them. 

• A CHECK of our stock of back is¬ 
sues shows that a considerable supply 
of the numbers listed here is still 
available: 


Vol. I, Nos. 1-3 
Yol. II, Nos. 1-8, 11, 12 
Yol. in, Niw. 1-10 
Vol. lY, Nos. 5-12 
Vol. V, Nos. 1-6, 8-12 
Vol. VI, Nos. 1-12 
Vol. VI1, Nos. I- I, 6-12 
Vol. VIII, Nos. 2-12 
Vol. IX, Nos. 1-12 
Vol. X, Nos. 1-12 
Vol. XI, Nos. 1 to date. 

A limited stot'k of the following 
numbers is available: 

Vol. Ill, Nos. 11 and 12 
Vol. IV, Nos. 1-i 
Yol. Y, No. 7 
Yol. VII. No. 5 
Vol. VIII. No. 1. 

The issues in Volumes IV to XI are 
the same size as the present Exfwri- 
mentor, I’he |)age size for Volumes 1 to 
111 is 9 X 12 inches. 

We shall be glad to send any of these 
back copies to those w ho request them. 
Those issues which are limited in num¬ 
ber will be distributed while they last. 


^T^//E General Radio EXPERIMEMTKR is mailed tvithont vharfie each 
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ctnnrnnnicat ion-frequency measurement ami control problems, U hen 
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